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Large-scale Structure
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Large-scale Structure
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Vortical flow

e cosmic web & vorticity
— After Shell-crossing
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Vortical flow — vorticity orientation

e cosmic web - vorticity 2 halo spin
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Invariants of velocity gradient | ‘

e How to study?

— Evolution of peculiar velocity?

e Decomposition:
— divergence, vorticity:

— Evolution equation

Eut:;r, v) + A (Du(x, 1) +u(x,7) - Vu(x, 1) = —VO(x, 1) — %?j(pa’j) i

— Linear regime

o0(x,1)
dt

+ #(DI(X,T) + % Qu(T)#(1)d(x,7) =0,

OW(X, T)

-

oT

+ A#(T)w(x,1)=0.




Cosmic flow

 |n general:

811,@
Aij(x, 1) = (,h‘(x, T).
j

e Kinematical classification

d.’ﬁf
o (x) = u;(x) = u;(x0) + A;;(x0)x; + -+
A1
e where A—_R-! ( Ao )R,
Az

— halo: A <0,
- void: A, >0
— filament /wall: indefinite




Cosmic flow

e Velocity decomposition

m— S5N/SN/SN
;o\ = = UN/UN/UN
=:= 5N/5/5

- void: N> 0
— filament /wall: indefinite




Invariants of velocity grad_

e Vortical flow?
— Complex eigenvalues




Invariants of velocity gradient

 Vortical flow?
— Complex eigenvalues

e Alternatively, more general

det[A — AXI] = A% + 1A% + 59\ + 53 = 0,

* Define invariants of velocity gradient
— (Turbulence 20+ years)

s1 = —tr[A] = -6,

1 1
So = 5 (s? — tr[AQ]) = E(S% — 9:‘;'9;;:' — W:‘j“-’ji)
1
s3=—det[A] = 5 (=s{ + 3s152 — tr[A”)])
1

= 3 (—3? + 35182 — 000k — Swijwjkgkf) ’




Invariants of velocity gradient

 |nvariants-space

e Turbulence, Chong et. al, 1990



Kinematics of Cosmic Web

® Mapping: eigenvalue space - Invariant space
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Kinematics of Cosmic Web

® Mapping: eigenvalue space - Invariant space
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Kinematics of Cosmic Web

® Mapping: eigenvalue space - Invariant space
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Kinematics of Cosmic Web ‘

e Mapping: eigenvalue space - Invariant space
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Dynamics of Cosmic-Web ,,-

e Dynamical evolution:

— Euler-Poisson system

% +H(T)u(x,7) +ulx,7) - Vu(x,7) = -VeO(x,7)

dA;;
d: + H(7)Aij + AirAr; = wi; , where w@ij(x,7) = —V;V;P(x,7)

 |nvariants evolution

d
— 51+ H(T)s1 — 87 + 250 = —w
dt

d

—52 + 2H(T)S9 — 5189 + 383 = —s10 — Wy
-

d
253 + 3H(T)S3 — 8183 = —SoT0 — 8§10 — W2
-

— where

—

W = Wi — —VQ(I) A2 = WﬁkAijJ@




Dynamics of Cosmic-Web _,-

e Coupled equations
— Newton potential

w = wy = — VP

d d 1
Ew + [E InN (1) — 51] w — F{"')Sl =0,

— Tidal field

d
Egij + H(T)Eij + kaﬂ(iﬂrj); + HEij + 5@11;0'“5;;;

k k
—30 [iEj)k — W {igj}k = —TWTy4.

where H;; is Newtonian limit of magnetic part of Weyl
tensor




Dynamics of Cosmic-Web

e Zel'dovich approximation
x(7) =a+ ¥(a,7) = q+ D(7)¥(q),

— Velocity evolution

ﬁ":i;:(d +f1+V)ﬁ:0,

— Velocity gradient evolution
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Dynamics of Cosmic-Web -




Probability Distribution

Initial condition
— Gaussian distribution
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Probability Distribution

o Zel’dovich approximation
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Beyond Zel’dovich Approxima
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Vortical flow — spatial distribution _,‘
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Vortical flow — vorticity orientation ‘

 Flow-type dependence
— angle between vorticity and velocity
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Vortical flow — vorticity orientation

 Flow-type dependence
— angle between vorticity and structure direction
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Vortical flow — vorticity orientation __.-

e Vorticity & halo spin
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Vortical flow — vorticity orientation

e halo spin & cosmic web

115Lllllllllllll|I|I|I|I|I|I|I|I|I|I|I|Iu
e perpendicular .
[y X
1.10F aligned L
=\ I

A '
1.05:’& P
L . X J - —

= W\ 7o
+1.00F N A
— — N 7 -
- N"V-v ‘#v{ —
0.95F Biiahiaiastatel #
0.90F -
— — 4 log M :12.00 -

085 [ Ll e b e b b b e e b b D Lo L L [

-0.5 0.0 0.5

cos(0)

e Pichonetal.

\ . k) |
| HI_)..A_‘ﬁfqgg



Shell-crossing and Vorticity

0.2 pror T
* Multi-streaming ~_
— Vlasov-Poisson equation o — w.
o 0 0 "0 v
f.op O et —0, il § aredma
or  am 0Ox Op T

[ 7 S S B

Pi
p:/dgp flx,p.7), i Z/dgp f(x.p.7) o

6= [ foxpir) (2o —w) (22 - ). (60)

? +H(Tu(x,7) +u(x,7) - Vu(x,7) =
1

—V@(}{,T) — EVJ (pqij),.




Shell-crossing and Vorticity

dA;;
dr

+ H(T)Ay; + A Ay = @i + G,
) 1
Gij = =V, [EV:@ (pf;t-;c]J :

* |nvariants with velocity dispersion

d
-5t H(T)Sl — 3? + 28 =—w —(
dr
d .
ESZ + QH(T)SQ — 8189 + 353:_51(-@ 4 i;) — g — CA
d .
ESS -+ 3H(T)53 — 5153:—52(-@ + i;) _ SI(WA
+Cq) —waz — (a2 (64)
Where Oc:
a:-j T QH(T)gij T (11 ) V)Qz‘j + r;j;:Vkut- -+ qikvkuj

1
= ——Vk(ﬁﬂz‘jk),
P2




Shell-crossing and Vorticj_

dA; i
dr

+ H(T)Ay + A Arj = @iy + Gy,

1
Cij = —V; [EV:: (mak)] :

Highly Non-linear

d
— 383+ 3H(T)s3 — s183=—3s9(w + () — s1(wa

dr
+Ca) — a2z — (a2 (64)

4 2H(7)6i; + (u- V) + e Viu; + 6 Viu;

1
= —Evk(ﬁmajk),




Emergence of Vorticity
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Potential — Vortical transition

s1 > 0,
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Potential — Vortical transition

s1 > 0,
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Potential — Vortical transit_
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Emergence of Vorticity



Potential — Vortical transition
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Potential — Vortical transition
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Summary _-

 Coherent evolution of halo/galaxy spin, vorticity and
large-scale structure

 Vorticity is generated in a particular way that related
to cosmic web structure

 Environmental dependence is inherited from
potential to vortical flow, and eventually to the
halo/galaxy spin




Thank you !




Galaxy formation in Co__
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11 Bright eliptical galaxies (M,<-20.7)
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e Tempeletal (2013)
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